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COz Captura Process Using Innovative

Phase-Changing Absorbents, 2 -Year, $3.8M

Program Objective: To devalop o cost-efficient process thot
viilizes o COz-capture absorbent thatrewer sibly ronsforms Fom
Nguid to o solid wpon regction waith CO; to remowve CO0; from flus
gas derived from pulverced coal fired power

&dvancemant

Process Dwelu:-prn;ant

Technical Approach

. Pracess Modeling

= Optimzed odvanced phase-changrg absorbent

= D=sign innowvative process integration absorption of CC;,
trarefer of solid moterial, ond desorption of C0; under pressure

= Dewslop and optimize plart and procass modaling

for unigue CO; copture proceass

3
3

Pragram Deliverables

= & materiolard CO;
absorption/desorption
procass thot results in<10%
parasitic power kad and
<§&5/Mon of COg captured

Anticipated Benefits of
the Proposad Technalogy

= Elirmirate 1 bilion tons
of CO; errissions from
PL power planits

= [ncreass anergy security with
market for domestic coal

= L5, leads OO coptura
technology

= Ircreass anergy efficiency
far COz capture vs. MEA

= Create jobs inconstruction
and marufacturing

» Develop cost-efficient process utilizing a phase-changing sorbent
* Build off of prior DOE/NETL program using amino-silicones

imagination at work
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Increase in COE over Non-Capture Case

for prior NETL Project
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R. Vipperla

* Additional advantage with lower AH,,, and C,

* Calculated 41% increase in COE vs 74% for optimized MEA system

imagination at work
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ARPA-E Phase Change (Driver —

Economics)

35%

30%

25% -

Energy Loss

&'EOZ Compression

m Auxiliaries

O Reaction Energy

® Sensible Heat

I Steam Stripping

R. V

Conventional Solvent
Systems

ipperla

» 30% power lost in conventional MEA process (70-80% increase in COE)
« Significant portion of that due to heating/condensing water

» Low water based processes reduce energy/cost (~40% COE increase)
 Eliminate all non-reactive co-solvents (potential of ~30% COE increase)

imagination at work
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Phase Change Concept

Flue Gas with CO;
Spray
Tower Scrubbed
Cyclone Flue Gas
—_—
[ : “ Further
= e\ ey
. nd Solid
1 Make the solid Absorbent = I
with ks
(Solvent development) =00, (i
CO; Solid
. Absorbent with
2 Collect the solid Coptured CO;
(Solid isolation) S vvoo High-
High-Pressure Pressure
3 Move the solid Screw Hopper o
(Solids transport) High-Pressure f|: 3}.°.
Stirred e 4
Desorption —
4 Regenerate the solvent Vessel

(CO, desorption and recycle)
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Solvent Development

* Primary amines rapidly react with CO, to form carbamate salts

& ©
2 R-NH, + CO, R—NH; + R—NHCO.

i

« Systematically vary chemistry and structure for optimal reactivity
* Representative materials found that:

Me Me Me
« are low viscosity liquids HN—"">—si—0-Si—0-gi—" >,
. Me Me
* produce solids on exposure to CO,
* have high CO, uptake 2 NH,
 thermally reversible M'D'M
Me—Si—Me 17.8 % CO, uptake
Me Me Me (I) I\I/Ie
HN—"" N gi—ol-di— ok Si— NH,  HoN Si—0—Si NH,
I\I/Ie I\I/Ie I\I/Ie (I) I\I/Ie Me\ o Me
I —Si Si_
0-1 Me—Si—Me Me Me
GAP-0/1
13.1 - 17.3% CO, uptake L NHz NH2
2 cyclic
M,T

15.5 % CO, uptake

o 18.8 % k 7/
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Solvent Development

» Powder formation with dry CO,
 Flue gas contains water

* What happens with wet CO,?

Dry CO, Wet CO,

Absorbant % Wt Gain |% of Theoretical| Salt Form | % Wt Gain |% of Theoretical| Salt Form % of Dry
GAP-0 17.3 08 Powder 18.4 104 Chunky Solid 106
GAP-1 13.1 96 Powder 14.1 103 Sticky Wax 108
M'D'M' 17.8 99 Powder 16.6 92 Glass 93

M'3T' 18.8 103 Powder 17.4 95.5 Sticky Gum 93
Cyclic Diamine 15.5 82 Powder 20.7 109 Powder 134

M. O’Brien

3 materials maintain solid form with saturated CO,
* No loss of capture capacity

 Scaling up materials for spray drying

. N 8/
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Vapor Pressure
10.0000
1.0000 . ; . ‘0—. |
ola 50.0 100.0 .Oﬁ.n 200.0 # GAP-O
&
= 0.1000 ... * T
2 ® ' ' ¥ MDY
& 00100 .—. !—l
2 2 $ ; . ® GAP-1
L]
& .
& 0.0010 .. 2Ag-0
® * ® MEA
0.0001 wnTransducer sensitivity
0.0000
Temperature (°C)

R. Farnum, T. Perry, S. Genovese

* All aminosilicone materials tested exhibited vapor pressures < MEA

en 9/
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Thermal Stability

% area of GAP-0 over time, 150C, air

% area in GAP-1 over time, 150C, air

% area of M'D'M' over time, 150 C, air

80
70
60 —&— Unknown (11.88)
50 e GAP-0 (15.2)

[}

L]

5 40 e GAP-1 (17.16)

2
30 +—— i M'D'M' (21.56)
20 Unknown (22.9)
10 ~—Unknown (23.02)

0 T —8—M'D2'M' (26.4)
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Note: Day 1 through Day 9 sampling completed with 0.2 uL injection volume.
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R. Farnum

» Excellent thermal stability

* Major decomposition products are
higher homologues

« On-going experiments with
stabilizers
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Thermal Stability

% areain M'3T' over time, 150C, air % area in GAP-AEAM over time, 150C, air
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» Demonstrated poor thermal stability 11
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Carbamate Salt Formation

Me  Me co, Me  Me JOL
HzNA?I—O—?lANHZ —~—~ H2NA?I—O—?IAH OH
Me  Me A -CO, Me  Me
GAP-0
intermolecular intramolecular
(o A HOshift
)]\ Me Me O
S e NG L~ J\ S
7 H S|I—O—S|I H © Me Me O
® I I =)
< Me Me > H3NA?i—O—?iAHLO
Me Me
ve e @
® H3NA?i—u—?iANH3 )
~ Me Me

* GAP-0 chosen as GEN 1 solvent
* Acceptable CO, loading

* High boiling point

» Reversibility

* Fast reaction rate

. . ih 12/
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Solid Formation and Isolation

'™
- 2 L
v -

Cyclone
Separator
Spray Chamber
GAP-0 Carbamate B. Enick
Collector D. Tapriyal
L. Hong

* Spray drier with co-current CO, flow
* Nearly instantaneous solid formation

* 50-100 g sample size

* Additional instrument procured

/ . N 13/
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PSD by Image Analysis

PARTICLE SIZE DISTRIBUTION : :
(based on number) July 2010 UPitt mixture
40% 100%
/ —4—sieve by wt =fll=IA by area
4 90%

35% STATISTICS - 100.0% -
- / Mean: 4.3 ym 1 80% .
S30% Std. Dev.: 3.8 um 90.0% -
e Min?mum: 0.2 um + 70% & 80.0% -
o Maximum:  38.0 ym 2
D 25% um IS o,
(L Object Count: 1646 -+ 60% 3 70.0% -
= based on number _
820% - ( ) s0% & %b 60.0%
; | i & 50.0% -
g15% 1 I= X 40.0% -
= +30% 33 o
B 10w | 30.0%
o T 20% 20.0% -

5% 1 Bl 100 10.0% -

0.0% -1 T T T 1
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Particle Diameter (um) particle size, um

Mean size = 4.3 um
Aspect ratio 0.6-1.0 (most 0.75-0.9)

©,

Sieve measures agglomerate size
(as expected)

* For solids handling want ~ 500 um patrticle size

* Need much larger particles

T. Westendorf
J. Grande
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Sam p I e | m ag eS Images are on the same scale

121610

122210 011011

021511

* All particles are ~ same size

' T. Westendorf
imagination at work ° Mean Size <50 Mm J. Grande




Image Analysis

1008 el sy 2010 i
g 14,5, 50
o0%
s 011011
" BO% i 02 15 11
=
E 70% b (12 16,11
f 0% e 1207 10
E e 12 15100
= 50%
2 — 22710
5
E 0% w4 2511
-
= i (1505 11
20%
e 0509 11 100mL
10%
s (1 28 11 collected from cyclone
0% 1 i (4 2811 collzcted from chamber
104040
050911 50mL
Farticle size {um)
e (5003 11 W'D
: 1 : : 1 1 : T. Westendorf
» Confirmation of particle size similarity e

* Mean size <50 um
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Options for solid transport
" SemiContinwows  §_____ Continous

Lockhopper Screw/Auger Conveyor

Atmospheric
hopper Solids flow from

hopper into scresw

Gias injection o

when upper rEssure-

valve clossd zwing hopper r\\\\\\\

—
Scraw moves solids

High-

Salids exitwith out of comeyor
pressurizing PTESISUI'E'
gos Solids

Transfer

*
GE Posimetric Pump
Solids enter at

Piston Pump

atrmospheric pressure

il ;lSdids ficww from hopper Abutment

inte pump chomber F Saolids disc harged

Spoal F - Wi into pressure
Solids pushed out Hausing h

— of pump chambser & clicd s=al
Piston cecillotes to allow Solids forms in
sclids to flow into pump lacksd in autlet duct

chamber and push salids rotar

out of pumip chambsr
* Trademark of General Electric
Company

* contingent upon physical characteristics of solid
* density, shape , cohesiveness, moisture content, thermal stability
* integration between absorber and desorber

T. Westendorf

‘ * low pressure to high pressure 17/
imagination at work 2011 NETL CO, Capture Technology Mtg
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Dry Solids Transfer

Batch/continuous

Charge cycle

Continuous

Pressure seal Compressed solids plug

Mechanical rotation of

Solids discharge
pump spool

Advantages

Designed for low wear

New operability
challenges for phase-
changing solids

Limitations

» Multiple options available for solids handling

imagination at work

Continuous

Semi-continuous

Hopper flow of freely-flowable solids into unit

Compressed solids
extruded through die at
barrel exit

Mechanical rotation of
screw

Heat exchange
integration possible

Difficult to adapt to high
delivery pressure; high
wear of screw
components

Pressure swing
chamber isolation valves

Hopper flow, assisted by
pressurized gas

Low risk of premature
phase change

Large volumes of
pressurizing gas
needed; complex design

Semi-continuous

Solids compressed in
piston chamber

Mechanical discharge

Simple design

High wear of piston
components

18/
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Desorption

GAP-0 Desorption Isotherms

18.00%
16.00% -
14.00% -
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z
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E 2.00% =l T=1200C
3 e T=140C
‘= G6.00% . T 160IC
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0.00% - : . .
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Error bars = 95% CI
 Neat GAP-0 data o
e e
| |
e >14% to <4% HZNA?i—O—?iANHZ
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e ~10% dynamIC range S. Genovese
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Desorption

0.002 20
0.000 T T
00022 50 100 m_o1 5
W7 N .
% -0.006 \\ // \\\ 7 §'
éi -0.003 §
E -0.010 \ / \\_ ’ E
M [,
\v/ I
B Temp (°C) -
LOe-05
* TGA/MS confirms only CO, L005-06-
loss 2
o S 100e07-
* No decomposition products S
« Examining DSC/TGA profiles L00E-08-
to differentiate phase changes -

from decarboxylation process

TGA shows 3 events

e Onsetat ~70 °C
* Major loss 90-110 °C
 DSC indicates 2 events
» Looking at desorption kinetics
— el
maEs3d
— e DE
H;0
BE*C CO; 20°C
e L.

imagination at work B. Enick, D. Tapriyal, B. Wood, M. Meketa, T. Perry

1 1 1 | T | 1
K 1000 2000 3000 4000 sSOC0 &000 70000 2000

Time {secands)
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XRD

——GAP-0 carbamate (dry, from spray column)
60000 —GAP-0 carbamate (wet)
20% MD2M in GAP-0 carbamate

50000 '

R
| I

2
c 30000 I
TN
20000 y Mada
o o
° 0 5 10 15 20 25

Two-Theta (deg)
« GAP-0 carbamate is highly crystalline

B. Wood, C. Dosch, M. Meketa
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XRD

——GAP-0 carbamate (dry, from spray column)
60000 —GAP-0 carbamate (wet)
20% MD2M in GAP-0 carbamate

50000 '

e Lo
2 30000 i+
U
20000 M UW'MMJ\»\P\MWL
10000 jL___JUUUunb A"WU W

0 T T T T
0 5 10 15 20 25

Two-Theta (deg)
« GAP-0 carbamate is highly crystalline
» Water does not disrupt matrix

Intensity

B. Wood, C. Dosch, M. Meketa
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XRD

——GAP-0 carbamate (dry, from spray column)
60000 —GAP-0 carbamate (wet)
20% MD2M in GAP-0 carbamate

50000 '

40000 4 “ﬁﬁﬁj“

>
c 30000 I
i,
20000 7 MA'AW““WM
° 0 5 10 15 20 25

Two-Theta (deg)
« GAP-0 carbamate is highly crystalline
» Water does not disrupt matrix
* Diluent does not affect XL structure

. N 23/
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XRD *How much does heat of crystallization affect AH,,, ?

——GAP-0 carbamate (dry, from spray column)
60000 —GAP-0 carbamate (wet)
20% MD2M in GAP-0 carbamate
50000 '
40000 4 wﬁwnuf'
» M -
® 1l
S 30000
: AW,
20000 7 'N\A"AW““M
ll .n A A A N i
0 T T T T
0 5 10 15 20 25

Two-Theta (deg)
« GAP-0 carbamate is highly crystalline
» Water does not disrupt matrix
* Diluent does not affect XL structure
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Process Schematic
Fresh cO,
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== CO;lsland - Process Flow Diagram
? L Dry Solids Transfer

Contoct
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* Absorb CO, at 50 °C/1

atm I;':i?'gart :EE-rbErt
» Collect solid and pump Gongensate
to desorber é e

water Exchanger
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—
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« CO, compressed for storage
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Preliminary COE Waterfall
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R. Vipperla

* Large savings with low water
* Higher net loading of CO, provides decrease COE
* Optimized plant operation (desorption, HX) offers savings

aon 26/
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Plant Modeling and COE Calculations

* Elimination of water and co-solvent . Selective Catolytc

Reducti
Boilers uction

Electrostatic
Precipitation

* Increased CO, capture capacity ruine

Building

* Higher desorption pressure/temp

Flue Gas
Desulfurization

Phase-Changing Absorbent
CO, Absorber Towers

» Substantial decrease in energy use =
MEACO,
Absorber Towers N

Absorbent Recovery and

CO, Compression
MEA Recovery and

CO, Compression

« Smaller COE increase

80%

70% -

60% -

50% -

40% -

Target for
- decreased
COE

30% -

% COE Increase

20% -
10% -

0% -

' Aminosilicone Phase-Change 27/
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Moving Forward

« Complete solvent development/down-selection

* Ratify action of stabilizers

* Finish unit operations designs

» Conclude construction of absorber, solids transfer and desorber units
» Confirm operation of unit ops

* Integrate unit operations into COE calculations

« Validate original premise/assumptions

» Acquire funding for scale-up process

. N 28/
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Thank you
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